The interaction of a protein-bound polysaccharide (PSK) isolated from Basidiomycetes with smooth muscle myosin components was evaluated by limited digestion, urea/glycerol gel electrophoresis, affinity chromatography and overlay assay using a peptide array. PSK was bound to the regulatory light chain (RLC) of myosin, but not to the essential light chain. The binding to PSK was definitely observed for unphosphorylated RLC, compared to phosphorylated one. From the amino acid sequence of the RLC, 490 peptides were synthesized on a cellulose membrane. Overlay assays showed that the PSK-binding on the molecule of RLC were localized in the N-and Cterminal basic regions and these sites were conserved in RLC from the human smooth muscle and nonmuscle cells.
2ϩ
-ATPase activity of myosin, the myosin motor function activity, is regulated by phosphorylation of the 20 kDa myosin regulatory light chain, which is catalyzed by Ca 2ϩ -and calmodulin-dependent myosin light chain kinase (MLCK). 3, 4) PSK, a protein-bound polysaccharide obtained from Basidiomycetes, has been shown to exhibit antitumor activity against a variety of tumor cells such as gastric, colorectal, and lung cancers. 5, 6) The antitumor effects of PSK have been also considered to be caused by its activity as an immunomodulator. The precise mechanism at the molecular level remains unknown. Previously, we found that PSK can significantly inhibit the actin-activated Mg 2ϩ -ATPase activity of myosin from rabbit skeletal muscle. 7) The marked ATPase inhibition is due to the interaction of PSK with myosin filaments, which induces side by side interactions between the myosin filaments to the long axis. 8) Kaneko and co-workers have reported that PSK causes an effective inhibition on the actinactivated Mg 2ϩ -ATPase activity of phosphorylated myosin from smooth muscle, though this drug enhances the MLCK activity. 9) They have speculated that the ATPase inhibition may be due to the PSK-binding to smooth muscle myosin in a similar way as in the case of its binding to skeletal muscle myosin. 9, 10) However, there is no direct evidence for the interaction between PSK and smooth muscle myosin.
In this study, we report that PSK directly interacts with the regulatory light chain (RLC) of smooth muscle myosin in vitro. The interaction is clearly observed in unphosphorylated form of RLC. We also examined in detail the PSKbinding site on the molecule of RLC.
MATERIALS AND METHODS
Materials and Methods PSK and anti-PSK antibodies were purchased from Kureha Chemical Industries (Tokyo). The anti-phosphorylated RLC antibodies were a generous gift from Dr. Matsumura (Rutgers University).
11) Papain was purchased from Sigma. The CNBr-activated Sepharose was from Pharmacia. The peroxidase-conjugated anti-rabbit IgG was from Wako. All other chemicals were of the highest quality commercially available.
Preparations of Myosin, Myosin Light Chain Kinase and Calmodulin Myosin and myosin light chain kinase were purified from chicken gizzard smooth muscle according to Persechini and Hartshorne 12) and Ngai and Walsh, 13) respectively. Light chains from chicken gizzard myosin were prepared according to the method of Grand and Perry. 14) Calmodulin was isolated from porcine brain.
15)
Phosphorylation of Myosin Myosin light chain phosphorylation was performed at 25°C for 30 min by adding 500 mg of myosin to an assay medium (400 ml) containing 20 mM Tris-HCl, pH 7.0, 5 mM MgCl 2 , 2.5 mM CaCl 2 , 1 mM dithiothreitol (DTT), and 30 mM KCl and 0.5 mM ATP with 11 mg of chicken gizzard myosin light chain kinase and 10 mg of calmodulin. The reaction was stopped by adding EDTA and then centrifuged at 12000ϫg at 4°C for 30 min. The obtained pellets were dissolved in 10 mM Tris-HCl, pH 7.5, 0.2 mM DTT and 300 mM KCl and then used.
SDS-PAGE and Urea/Glycerol Electrophoresis Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out on 12.5% polyacrylamide gel as described by Laemmli. 16) Urea/glycerol gel electrophoresis was performed according to the method of Sobieszek and Jertschin. 17) After electrophoresis, proteins in the gel were stained with 0.1% Coomassie Brilliant blue R-250, 10% acetic acid and 40% ethanol for 60 min and then destaining was carried out in 10% acetic acid and 40% ethanol.
Synthesis of Overlapping Peptides Peptide chips were prepared on derivatized cellulose membranes with 9-fluorenylmethoxycarbonyl amino acids according to the protocol from the manufacturer of the system (Auto spot robot ASP222; ABIMED Analysen-Technik GmbH, Langenfeld, Germany). 18, 19) The ASP222 software program was used to generate the amino acid sequences of peptides with the 6, 8 and 12 amino acid lengths and the spotting schedule for each cycle of addition of an amino acid. Peptides spanning amino acid residues 1-172 of myosin light chain were synthesized on cellulose membranes as a series of peptides with one by one shifting.
Immunoblots and Overlay Assay After SDS-PAGE, the proteins in the gel were transferred onto a nitrocellulose membrane (Advantec). After blocking with 5% BSA in TBS-T (25 mM Tris-HCl, pH 7.2, 50 mM NaCl, 0.5% and washing with TBS-T (4 times, for 10 min each), the membrane was incubated with anti-phosphorylated RLC specific antibodies. 11) Following extensive washes in TBS-T, the membrane was incubated with peroxidase-conjugated secondary antibodies against rabbit IgG (1/30000-fold dilution in TBS containing 1% BSA). The membrane was washed as above and the signals were detected by the enhanced chemiluminescence detection system (Super Signal CL-HRP Substrate System; Pierce). The detailed procedure of the overlay assay was described in the text.
Other Procedures PSK was coupled to CNBr-activated Sepharose 4B following the procedures outlined by Pharmacia. About 3 mg of PSK was linked to 1 ml of Sepharose. Myosin was digested with papain (1/200) in a solution containing 25 mM MES-KOH, pH 6.5, 2 mM MgCl 2 , and 20 mM KCl at 25°C for 0-90 min. The protein concentrations were determined by a Bio-rad Coomassie blue protein assay using BSA as the standard or by spectrophotometric measurements as previously described. 15, 18) RESULTS AND DISCUSSION
Phosphorylation of Gizzard Myosin and the Effect of PSK on the Mobility of the Light Chains
The molecule of smooth muscle myosin II is composed of two 200 kDa heavy chains, two 20 kDa RLC, and two 17 kDa essential light chains (ELC). It is also known that the motor activity of smooth muscle myosin is activated by phosphorylation of regulatory light chain. 1, 2, 21) The phosphorylation level of the myosin light chain was determined by immunoblot using phosphorylated RLC specific polyclonal antibodies (specific for phosphorylated S 19 ). 1, 21, 22) The immunoblot data showed that isolated chicken gizzard myosin contained little, if any, phosphorylated regulatory light chain, while the addition of calcium/calmodulin and MLCK to the myosin solution in the presence of ATP converted the regulatory light chain into the phosphorylated form (Fig. 1A) . The mobility of RLC in urea/glycerol gel electrophoresis is different between the phosphorylated and unphosphorylated forms. 11, 17) Figure 1B shows that most of the regulatory light chain was phosphorylated under our experimental conditions. Interestingly, the band of the unphosphorylated RLC disappeared with the increasing concentration of PSK added (Ͼ0.5 mg/ml), but the phosphorylated RLC and ELC did not, indicating the interaction between PSK and unphosphorylated RLC (Figs. 1B, C) . Since the biochemical activities of smooth muscle and nonmuscle actomyosin system are dependent on the phosphorylation and unphosphorylation of RLC, the interaction of PSK with unphosphorylated RLC was investigated in detail.
Interaction of PSK with RLC We reported that the digestion of myosin heavy and light chains from skeletal muscle with trypsin and chymotrypsin was inhibited by the addition of PSK. 8) Unphosphorylated smooth muscle myosin was digested with papain (1/200; wt/wt) in the absence and presence of 1.2 mg/ml PSK. Samples digested for various time periods at 25°C were analyzed by SDS-PAGE (Fig. 2) . The major products were grouped around 140, 105, 75 and 30 kDa fragments in the absence of PSK, while the product was a 140 kDa fragment in the presence of PSK and production of the 105, 75 and 30 kDa fragments was virtually unobserved even after a 90-min digestion. Interestingly, RLC was not digested in the presence of PSK, but the digestion occurred over 20 min in the absence of PSK. Similar results, especially protection of RLC from digestion, were obtained when phosphorylated myosin was used in place of the unphosphorylated one. As previously reported, 8) PSK was not stained with Coomassie Brilliant Blue.
To ascertain the hypothesis that PSK directly binds to RLC, we prepared Light chains (LCs) from chicken gizzard myosin and applied them to a PSK-Sepharose column (Fig.  3) . About half of the protein was retained on the column and the bound fraction was eluted at 400-450 mM NaCl. SDS-PAGE showed that the unbound and bound fractions consisted of ELC and RLC, respectively. These results strongly suggest that PSK interacts with RLC. Furthermore, since urea (7 M) was used for the preparation of the LCs to separate it from the myosin heavy chain, the interaction seemed to be due to the amino acid sequence, not due to the steric conformation.
Identification of the PSK-Binding Sites of RLC Chicken gizzard smooth muscle RLC consists of 172 amino acid residues. From the amino acid sequence (Fig. 4) , 23) we synthesized peptide chips with 3 different amino acid lengths (6, 8, 12) on cellulose membranes as spots (about 10 nmol). Peptides were synthesized by moving one by one, overlapping the peptide groups in the amino acid sequence without Met of the N-terminus. Four hundred ninety individual peptides were investigated for binding behavior to PSK using the overlay assay. The cellulose membrane was blocked with 5% BSA in TBS-T for at least 5 h, washed with TBS-T, and incubated with 0.4 mg/ml PSK dissolved in TBS-T containing 1% BSA at 25°C for 60 min. After washing, the membrane was incubated with 1 : 1000 dilution anti-PSK antibodies in TBS-T for 60 min at room temperature, washed with TBS-T and further incubated with the peroxidase-conjugated secondary antibodies against rabbit IgG for 60 min at room temperature. Following extensive washes in TBS-T, the membranes were visualized by the enhanced chemiluminescence detection system. 24) Figure 5 shows the binding of PSK to each peptide spot from the N-terminal amino acid sequence of RLC by densitometry. When the peptides with a 12 amino acid length were examined, there were at least 3-4 PSKbinding regions on the RLC molecule (Fig. 5A) . On the other hand, when the amino acid lengths of peptides decreased to 6 and 8, the PSK bindings were localized at the N-and C-terminal regions (Figs. 5B and 5C ). We speculated that the two The LCs (1 mg) were loaded onto a PSK-Sepharose column (2 ml) equilibrated with 20 mM MES-NaOH, pH 6.8, 30 mM NaCl, 0.5 mM Mg(CH 3 COO) 2 , and 0.2 mM DTT. The column was washed with the above solution and the bound protein was eluted with a linear gradient of 30-500 mM NaCl in the same buffer (----). Fractions were collected and analyzed for protein (-᭹-). The inset shows 12.5% SDS-PAGE for the applied sample (a), fractions 9 and 43. sites of Ser1-Thr19 (N-site) and Glu157-Asp171 (C-site) seemed to be target for PSK-binding.
Interestingly, the basic amino acid content of the N-site (8/19) and the basic and acidic amino acid contents (4/15 and 4/15, respectively) of the C-site were relatively high. No significant similarity between these amino acid sequences and those of ELC and heavy chain from chicken smooth muscle was found. It has been reported that MLCK could phosphorylate RLC at Thr18 and Ser19, and stimulate the actin-activated ATPase activity of myosin. 1, 11, 20) On the other hand, Kaneko et al. 9) reported that PSK inhibits the actin-activated ATPase activity of myosin, though the phosphorylation of myosin by MLCK is enhanced by PSK. These results suggest that the binding of PSK to the N-site will block the signal process after the phosphorylation of RLC. The amino acid sequences of the N-and C-sites are very similar or the same between chicken smooth muscle and human lymphocytes (Nsite, 17/19; C-site, 15/15) (Fig. 4) , 23, 25) strongly indicating that PSK affects actomyosin system by interacting with RLC in human nonmuscle cells containing tumor cells.
PSK has been reported to suppress artificial metastasis models such as the metastasis of rat hepatoma AH60C, mouse colon cancer colon26, and mouse leukemia RL male 1 and spontaneous metastasis models.
6) The metastasis is complicated and contained a number of processes including detachment of primary lesion, intravasation, intravascular migration, extravasation, migration after extravasation. Some of them are considered to be tightly associated with cell motility. These data strongly suggest that PSK exerts its biological activity through the binding to the myosin molecules.
